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28Abstract—In the vertebrate brain, inhibition is largely medi-
ated by c-aminobutyric acid (GABA). This neurotransmitter
comprises a signaling machinery of GABAA, GABAB
receptors, transporters, glutamate decarboxylases (gads)
and 4-aminobutyrate aminotransferase (abat), and associ-
ated proteins. Chloride is intimately related to GABAA recep-
tor conductance, GABA uptake, and GADs activity. The
response of target neurons to GABA stimuli is shaped by
chloride-cation co-transporters (CCCs), which strictly con-
trol Cl gradient across plasma membranes. This research
proﬁled the expression of forty genes involved in GABA
signaling in the zebraﬁsh (Danio rerio) brain, grouped brain
regions and retinas. Primer pairs were developed for reverse
transcription-quantitative polymerase chain reaction
(RT-qPCR). The mRNA levels of the zebraﬁsh GABA system
share similarities with that of mammals, and conﬁrm previ-
ous studies in non-mammalian species. Proposed GABAA
receptors are a1b2c2, a1b2d, a2bb3c2, a2bb3d, a4b2c2, a4b2d, a6bb2-
cc2 and a6bb2d. Regional brain diﬀerences were documented.
Retinal hetero- or homomeric q-composed GABAA receptors
could exist, accompanying a1byc1, a1byd, a6abyc2, a6abyd.
Expression patterns of a6a and a6b were opposite, with the
former being more abundant in retinas, the latter in brains.
Given the stoichiometry a6wbycz, a6a- or a6b-containing
receptors likely have diﬀerent regulatory mechanisms.http://dx.doi.org/10.1016/j.neuroscience.2016.07.018
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1Diﬀerent gene isoforms could originate after the rounds of
genome duplication during teleost evolution. This research
depicts that one isoform is generally more abundantly
expressed than the other. Such observations also apply to
GABAB receptors, GABA transporters, GABA-related
enzymes, CCCs and GABAA receptor-associated proteins,
whose presence further strengthens the proof of a GABA
system in zebraﬁsh.  2016 The Author(s). Published by
Elsevier Ltd on behalf of IBRO. This is an open access article
under theCCBY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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The amino acid c-aminobutyric acid (GABA) is a widely
distributed neurotransmitter in the vertebrates’ central
nervous system (Roberts and Kuriyama, 1968; Farrant
and Nusser, 2005). Its main precursor, L-glutamic acid,
undergoes decarboxylation at the a-carbon site, a reac-
tion catalyzed, in mammals, by glutamate decarboxylase
(GAD) 67 or 65 (Roberts and Kuriyama, 1968; Kaufman
et al., 1991). The subcellular localization of those two
isoforms is diﬀerent, with GAD67 found to be almost
ubiquitous in GABA-producing neurons and GAD65
speciﬁcally located at axon terminals, where it associates
with mitochondria and synaptic vesicles (Kaufman et al.,
1991; Buddhala et al., 2009). Both GADs function as
holoenzymes with pyridoxal phosphate as cofactor, a
condition also represented in the GABA-degrading
GABA-a-ketoglutarate transaminase (GABA-T, also
referred to as 4-aminobutyrate aminotransferase, abat;
Roberts and Kuriyama, 1968).
GABAergic neurons and glutamate decarboxylases
have also been identiﬁed in zebraﬁsh (Danio rerio
Hamilton) central nervous system (Kim et al., 2004;
Delgado and Schmachtenberg, 2008). This ﬁsh species
has three isoforms of GAD of which two, gad1a and
gad1b, resemble the mammalian GAD67 and the third,
gad2, is homologous to GAD65. Those enzymes have
been localized in the adult ﬁsh cerebellum (gad2;
Delgado and Schmachtenberg, 2008) and in the forebrain
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ionotropic receptors, the type A GABA (GABAA)
receptors. Those are membrane-spanning homo- or
heteropentamers (Connaughton et al., 2008; Olsen and
Sieghart, 2008) and form a pore that allows the passage
of anions (Bormann et al., 1987). A long extracellular
amino-terminal, four transmembrane a-helices (M1, M2,
M3, M4), and a short extracellular carboxyl-terminal
domain are common features to the GABAA receptor sub-
units (Olsen and Sieghart, 2008; Sigel and Steinmann,
2012; Miller and Arcisescu, 2014). Zebraﬁsh genome
comprises 22 genes encoding for GABAA receptor sub-
units (a1–a6b, b1–b4, c1–c3, d, p, f, q1–q3a) and seven sub-
unit-like genes (a2-like, a3-like, two b2-like, p-like, q1-like,
q3-like). Experimental evidence has localized the a1 sub-
unit in the cerebellum (Delgado and Schmachtenberg,
2008) and a1, a3, q1, q1-like, q2a, q2b in the retina
(Connaughton et al., 2008). GABAA receptors are selec-
tive ion channels mainly for chloride but they do allow
the ﬂow-through of other halides and small anions (e.g.
bromide, bicarbonate) (Bormann et al., 1987). Chloride-
cation co-transporters (CCCs) NKCCs and KCCs, which
move Cl into and out of the cytoplasm, respectively, with
regard to the extracellular space, contribute to setting the
Cl electrochemical gradient of neurons (Payne et al.,
2003). In the adult neuron this gradient moves Cl from
the extracellular environment toward the cytoplasm, mak-
ing GABA inhibitory.
GABA also exploits its inhibitory action through the
heterodimeric, G-protein coupled type B GABA (GABAB)
receptors. The two subunits interact with a coiled-coil
structure made by two a-helices, one per subunit
(Burmakina et al., 2014). Activated GABAB receptors
decrease adenylate cyclase activity (Wojcik and Neﬀ,
1984) and divalent calcium membrane conductance,
and increase potassium ions ﬂow (Bowery et al., 2002).
In zebraﬁsh GABAB receptors have been found in the
cerebellum (Delgado and Schmachtenberg, 2008). Of
the three zebraﬁsh genes for the GABAB receptor two,
gabbr1a and gabbr1b, are homologous to the human
gene for subunit B1 and a third one, gabbr2, to human B2.
Overall, there is little information on the GABA
signaling system in the zebraﬁsh, and speciﬁcally in the
central nervous system and retinas. In this study the
mRNA levels of the enzymatic machinery involved in
GABA metabolism, as well as the receptor systems for
this neurotransmitter, were measured. GABA signaling
comprises other players, such as the traﬃcking GABAA
receptor-associated protein (Chen and Olsen, 2007),
gabarapa and gabarapb in zebraﬁsh. Ion-dependent
GABA removal from the extracellular environment (Chen
et al., 2004) is mediated by GABA transporters. Those
are transmembrane proteins that belong to the solute car-
rier 6 (SLC6) family, mediate secondary active transport
via Na+ and Cl gradients (Chen et al., 2004), and local-
ize in both neurons and glial cells (Jin et al., 2013). In the
present study, GABAA receptor-associated proteins, four
GABA and four Cl transporters were also included, for
the ﬁrst time in zebraﬁsh. The results start a mapping of
the GABA system in the zebraﬁsh brains, grouped brain
regions, and retinas.Please cite this article in press as: Cocco A et al. Characterization of the c-aminob
nervous system by reverse transcription-quantitative polymerase chain reaction. NeEXPERIMENTAL PROCEDURES
Experimental animals
All experimental handlings of the animals were performed
according to ethical requirements in Sweden, and
approved by Uppsala Ethics committee, permit Dnr.
55/13. Zebraﬁsh belonging to the AB line were bred and
eggs collected on 29th April 2014. They were put in an
incubator at +28 C (Termaks, Bergen, Norway) and
checked every day; unfertilized eggs or non-lively
embryos were removed. After 5 days the larvae (Kimmel
et al., 1995) were placed in a 3 L Aquaneering (Aquaneer-
ing, Carlsbad, USA) tank with an aquarium heater and fed
several times per day with ZM-000 (Zebraﬁsh Manage-
ment Ltd; Winchester, United Kingdom) fry food. After
15 days post fertilization they were moved into new 3 L
tanks (K.H. Garpenstrand, personal communication) in
an Aquaneering rack system with recirculating water,
and fed with ZM-000 and ZM-100 food. The animals also
started receiving brine shrimps of the Artemia genus
(Platinum Grade Argentimia, Redmond, USA), which
were hatched in the ﬁsh facility and are a protein source.
When the juvenile stage was reached the ﬁsh were given
ﬂake food for tropical ﬁsh (Sera, Heisenberg, Germany)
and brine shrimps. At the time of the experiments the ﬁsh
were 1 year and 61 day old.
Sampling
Zebraﬁsh were individually anesthetized in 1 L of water
containing 5–10 mL of either 5% or 10% benzocaine (w/
v, in ethanol) or 10% ethyl 3-aminobenzoate
methanesulfonate, MS-222 (w/v, in water; both
anesthetics from Sigma). The animal was pinned on a
small polystyrene support and sacriﬁced by cutting the
spinal cord. The organs of interest, brains and eyes,
were soaked with RNAlater (Qiagen GmbH, Hilden,
Germany, or Ambion, USA), removed by dissection and
saved, again, in RNAlater. The same procedure was
followed to sample cerebellum, brain stem, optic tecta,
diencephalon and olfactory bulbs and telencephalon.
Those brain areas are schematically depicted in Fig. 1.
Brains were sampled for 14 ﬁsh, six females and eight
males. Twenty-three ﬁsh, 12 females and 11 males,
were used to sample the brain regions. For 12 of those
animals, seven females and ﬁve males, the eyes were
also collected. Average animal length and weight were
3.2 ± 0.29 cm and 0.37 ± 0.07 g, respectively. Extra
brains and eyes were sampled to test reverse
transcription-quantitative polymerase chain reaction (RT-
qPCR) primer pairs, but they were not included in the
relative quantiﬁcation experiment (see below). Sampling
was carried out under a Wild M5A stereomicroscope
(Wild Heerbrugg, Switzerland).
RNA extraction and cDNA synthesis
Brains and eyes were individually processed. Samples
dedicated to primer test were processed with GenElute
Mammalian Total RNA Miniprep Kit (Sigma), including






































































































Fig. 1. Schematic lateral left view of the adult zebraﬁsh brain. The
picture was modiﬁed from Flames and Hobert (2011), and the brain
regions deﬁned following Simo˜es et al. (2012), Ullmann et al. (2010),
and compared to Meek and Nieuwenhuys (1998). Dashed lines
indicate the cuts for sampling.
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2009, with changes. Brieﬂy, TRIzol Reagent (Invitrogen,
Carlsbad, USA) initial volume was 200 lL; all following
volumes were adapted to this starting amount. For both
RNA extraction methods no DNase treatment was
included and the eluate volume was 30 lL. RNA concen-
trations were determined by a NanoDrop ND-1000 Spec-
trophotometers (Nanodrop technologies Inc., USA) and
templates were recovered after measurement (Green
and Sambrook, 2012). RNA purity was checked with
standard ratios; for brains, A260/A280 = 2.12 ± 0.04,
A260/A230 = 1.82 ± 0.50, for eyes A260/A280 =
2.11 ± 0.02, A260/A230 = 1.80 ± 0.34. 28S and 18S
ribosomal RNA bands were clearly detected for all sam-
ples. Gels were 1% agarose in 1 Tris–Acetate–EDTA
(TAE), buﬀer stained with 0.5 lg/mL ethidium bromide.
0.01% diethyl-pyrocarbonate-treated water was used. All
chemicals were from Sigma apart for ethidium bromide
(Invitrogen, Carslbad, USA). cDNA was synthesized with
the Maxima First Strand cDNA Synthesis Kit for RT-qPCR
(Thermo Scientiﬁc, USA). One microgram of RNA per
cDNA synthesis reaction was used; 20 lL was the total
volume. Reverse transcriptase negative reactions were
also set to further determine the speciﬁcity of the primer
pairs.
RNA from brain regions was extracted with the Sigma
kit. The samples were individually homogenized, then
pooled together according to brain region, tank and sex.
Four groups per brain region were identiﬁed: two females’
ones with six and four animals, respectively, and two
males’, seven and four ﬁsh each. The RNA-binding
membrane was incubated 10 min at room temperature
(Eyester and Brannian, 2009) with 20 lL elution buﬀer;
the sample was then recovered. For pooled cerebella
A260/A280 = 2.02 ± 0.03, A260/A230 = 1.64 ± 0.69; brain
stems A260/A280 = 2.12 ± 0.04, A260/A230 = 1.83
± 0.19; optic tecta A260/A280 = 2.06 ± 0.07,
A260/A230 = 1.57 ± 0.66; diencephala A260/A280 = 2.13
± 0.01, A260/A230 = 1.75 ± 0.14; olfactory bulbs and
telencephalas A260/A280 = 2.12 ± 0.02, A260/A230 =
1.95 ± 0.30. rRNA was visible in all pooled samples. Eight
hundred nanogram, 900 ng, or 1 lg of RNA were used to
synthesize cDNA. No negative reaction was performed




266Development of primer pairs
Primer pairs were designed with the software GETPrime
(Gubelmann et al., 2011), NCBI’s Primer BLAST, or man-Please cite this article in press as: Cocco A et al. Characterization of the c-aminob
nervous system by reverse transcription-quantitative polymerase chain reaction. Neually. They were then double-checked with NCBI’s
Nucleotide BLAST (Madden, 2003), and ordered from
Thermo Fisher Scientiﬁc (Uppsala, Sweden). Primer pairs
used in this study are in Table 1. Both NCBI and Ensembl
Genome Browser (Flicek et al., 2014; Cunningham et al.,
2015) were consulted, and sequences were aligned with
CLUSTAL W2 (http://www.ebi.ac.uk/Tools/msa/clustal-
w2/; Larkin et al., 2007) or Omega (http://www.ebi.ac.uk/
Tools/msa/clustalo/; Li et al., 2015) to obtain a primer pair
covering all splice variants for a given gene.
The ampliﬁcation product size was kept at less than
100 base pairs and, when not possible, less or equal to
200. Primer pairs on the same exon were avoided. Little
diﬀerence of melting temperature between paired
oligonucleotides (<2 C), avoidance of stretches of the
same nucleotide, and no more than two guanosine or
cytidine residues in the last ﬁve nucleotides of the primer
were also considered (http://tools.lifetechnologies.
com/content/sfs/manuals/cms_041902.pdf, Chapter 2,
pp. 24–25).Primer speciﬁcity test and reverse transcription-
quantitative polymerase chain reaction (RT-qPCR)
All primer pairs were tested with at least two samples with
reverse transcription positive and negative reactions, and
no template controls. Primers were tested with both brain
and eye samples. The RT-qPCR (Bustin et al., 2009)
were performed with a 384-well plate (Corning Incorpo-
rated, Corning, NY, USA) in a 7900HT Fast Real-Time
PCR System (Applied Biosystems, USA). The reaction
volume was 10 lL, 5 lL of Maxima SYBR Green/ROX
qPCR Master Mix (2) (Thermo Scientiﬁc, USA), 1 lL
of 4 lM forward and reverse primer pair working solution,
4 lL of template (0.25 or 1 ng/lL). The plate was sealed
with Sealing Tape, optically clear (Sarstedt, Germany).
Reaction thermal proﬁle was 5 min at 95 C, followed by
45 cycles of 15 s at 95 C, 30 s at 60 C, 30 s at 72 C.
A dissociation curve, 15 s at 95 C, 15 s at 60 C, 15 s
at 95 C, was generated. Table 1 reports each speciﬁc
melting temperature (Tm, C) for all genes. Ampliﬁcation
products were run in 2% agarose gels stained with
GelRed (Invitrogen) or ethidium bromide. The buﬀer used
was 0.5 Tris–Borate–EDTA (TBE). All genes of interest
were covered in both brains and eyes.
The relative quantiﬁcations were set as the positive
primer testing reactions and run in duplicates. Template
concentration was 0.25 ng/lL.Splice variants of GABAA receptor subunit c2
NCBI presents three alternative splice variants for the
subunit c2 of the GABAA receptor, and they were all
covered by the present study (Table 2). Primer pairs
were designed with NCBI Primer Blast or manually and
their speciﬁcity checked with both RT-PCR, by following
Invitrogen’s instructions, and RT-qPCR as above. RT-
PCR products were sequenced to conﬁrm ampliﬁcation
of the desired splice variant. Prior to that amplicons
were either treated with Exonuclease I and FastAP
Thermosensitive Alkaline Phosphatase or column-
puriﬁed with the PureLinkTM Quick Gel Extraction & PCRutyric acid signaling system in the zebraﬁsh (Danio rerio Hamilton) central
uroscience (2016), http://dx.doi.org/10.1016/j.neuroscience.2016.07.018
Table 1. Primer pairs used to study the GABA signaling system zebraﬁsh brains, brain regions and retinas. Melting temperatures (Tm) are given as averages of observed Tm in all samples during relative
quantiﬁcation. The ﬁrst row reports the average in both brains and brain regions, the second one in eyes.





ACCACGACATGGAGTACAC CCATTGGGCCTTTAAATTTCAG 80 76.3 ± 0.17
76.3 ± 0.32




XM_003199833.3 TGGACGAAGAACGCATCCAA CACGGCAGGTACGTCTGAAT 191 80.0 ± 0.21
80.1 ± 0.39




XM_009295708.1 CGGGAAGAAGTCAGTAGCCC AGTGTAGGCATAGCTCCCGA 181 80.9 ± 0.23
a3-likeR GTGACAAGCTTCGGACCAGT AAGAAGGTATCCGGGGTCCA 164 82.1 ± 0.18










CAATCGACTACGGCCAGGAT CAACCCACATTTGGCGGAAA 134 77.1 ± 0.28
77.1 ± 0.33













GATGAGCAGAATTGCACTCTG ACACACCCGTCACTGCGGTT 99 77.4 ± 0.31
77.5 ± 0.25
b4B,R (LOC566514) XM_005173874.2 GCCAGTATTGACTCCATTTCAG CCTCCAGCTCTGTTGGAAAT 72 74.8 ± 0.29
74.8 ± 0.42









CCGATCAGAAGTCGTGGAGG TCACCACATAGTCACCTGCG 96 78.8 ± 0.12
78.6 ± 0.45




GCCAAACTTTAATGAAGGGCCA AGAGATGGCGTCGATGCTG 70 75.6 ± 0.24
fB,R (gabrz) NM_001114742.1
XM_005156247.2













































































































































































































































































CATTGCTGAGGGCGGAAAAAT TGAAGAGTGGAGTGCCGTG 80 78.0 ± 0.19
77.7 ± 0.53
q3aB,R (gabrr3a) NM_001128760.1 CAGAGTCTTTCCAGACGGGA TCCAGCTCCAGAGAGCAGTT 117 81.3 ± 0.13
81.2 ± 0.53
gabbr1aB XM_689405.6 AAGGTTCACGTATGGCCTGG AGGCCGATCCATTTGTCGTT 124 79.5 ± 0.23
gabbr1aE AACGACAAATGGATCGGCCT GATCCCGAGTCCAGCAAACA 117 80.0 ± 0.14
gabbr1bB XM_003200605.3
XM_005170102.2
CTTCGTCCCCAAGATGCGAA ATGAGCCGGTCTTCATGGTC 80 81.3 ± 0.20
gabbr1bR TGGAAGTGGACCAAGATCGC GGAAACTTTGCCTCACGCTG 121 80.8 ± 0.17
gabbr2B NM_001144043.1 GGGAACGCATGGGAACCATA TTGTACTCGCCCACCTTCAC 70 77.1 ± 0.31
gabbr2R TGAAGGTGGGCGAGTACAAC GCGGTTCGACACCTTGAAAC 81 78.8 ± 0.22
slc6a1aB,R NM_001045287.2 AAGGAGTGGGCTGGCTTATG ACTGCTCTTGTATCGGTGGC 189 83.3 ± 0.21
83.0 ± 0.25
slc6a1bB,R NM_001007362.1 AACCTGTTCTGGCGTCACTG CAGCTTCGCGGTTCGTTAAA 77 79.0 ± 0.22
78.7 ± 0.21
slc6a11aB NM_001098387.1 TACACCAGTCAGGGAGGCAT GGCCCACGCTATGATGATGA 126 78.9 ± 0.26




GGCCTTGGAACAGGGAGTTG AGCCCGTGGATATGCAATGA 79 79.7 ± 0.24
slc6a13R TCCAAGGACACCGTCGAAAA ATACAGGCCGCCCTCTGTTA 92 77.8 ± 0.20
gad1aB,R XM_002663304.3
XM_005167412.2





ATATTCCACCGAGTCTGCGT TGCCGCACTCCATCATCATT 102 82.5 ± 0.25
gad1bR GTTCAGCCATCCTGGTCAGA CCTTGTCTCCGGTGTCGTAG 117 82.1 ± 0.22
gad2B NM_001017708.2 AAGCAGAAGGGATACGTGCC CCGGTGTTTCCGGGACATTA 168 82.5 ± 0.25
gad2R AATATTCTCTCCGGGTGGCG ACCAGCCTAGGTACGGATGA 111 78.7 ± 0.18
abatB NM_201498.2
XM_009299440.1
CAGTGATGCCACACGTGACT AGGACGGAAACGGATGGATT 94 78.9 ± 0.29
abatR AGCTGCTGAGACAACTTGGA GTTTCCGTCAACGTCCACCA 104 77.5 ± 0.24
nkcc1B,R (slc12a2) NM_001002080.1
NM_001163654.1
ACATCACAGTCCTTGGTGACA TGGCTCGATCATTTCAGCAAAC 77 77.0 ± 0.19
77.0 ± 0.22
zfnkcc2B,R (slc12a1) XM_009293403.1 TGCTCTTCATTCGGCTCTCC GACAGGTGACGCTGGTTACA 99 79.6 ± 0.20




GCAGGGAATCTGTGCTCCAT GATGTTGCATCTCCCTGGCT 96 78.6 ± 0.23
78.7 ± 0.21
gabarapaB NM_001013260.1 AGGATCCACTTGAGGGCTGA CTTCTTCGTGATGCTCCTGGT 106 78.7 ± 0.17
gabarapaR ATACCTCGTCCCGTCTGACC CAGCCCTCAAGTGGATCCTT 74 77.0 ± 0.17
gabarapb B XM_003199019.3 CGTCATTCCCCCTACTTCCG GGGTGTGTTTTCCCTTTGGC 130 79.1 ± 0.22
gabarapbR ACAGGGTTCCTGTAATTGTGGA ACTGGCCCACAGTCAGATCA 99 76.9 ± 0.25
actb1B NM_131031.1 CACGAGAGATCTTCACTCCCC TGGGTCGTCCAACAATGGAG 166 82. 3 ± 0.22
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nervous system by reverse transcription-quantitative polymerase chain reaction. NePuriﬁcation Combo Kit (Thermo Fisher Scientiﬁc, Vilnius;
Lithuania). PCR products’ concentration was estimated
by agarose gel and measured with Nanodrop. Products
were sequenced by Uppsala Genome Center, SciLiefe
Lab (Uppsala, Sweden) or Euroﬁns genomics
(Ebersberg, Germany); sequences were blotted against
NCBI database. The splice variants of interest were































306Data analysis and plotting
The dissociation peaks were checked after each RT-
qPCR reaction for correct melting temperature. Primer
pairs for q1, gad1a and abat were speciﬁc in the positive
reactions, but they happened to give a non-speciﬁc
product in the RT reactions in brains. The same
considerations were valid for gad1a, gad1b, gabarapa,
gabarapb, tbp in eyes. The primer pair for GABAA
receptor subunit p dimerized. Those ampliﬁcation
reactions were always checked by electrophoresis and
reactions with more than one product excluded.
The ﬂuorescence of the ampliﬁcation products was
collected by the 7900HT Fast Real-Time PCR System,
and the threshold values calculated by the software RQ
Manager 1.2.1 (Applied Biosystems). Normalized mRNA
levels, 2DCt, with DCt = Ct value of target
gene  geometric mean of Ct values of reference genes
(Schmittgen and Livak, 2008), were calculated by the
software DataAssist v2.0. Tubulin a1b (tuba1b) was used
as reference gene with either actin b1 (actb1) in brains
and brain regions or TATA-box binding protein (tbp) in
eyes. To compare GABAA receptor subunits’ expression
between brains and eyes data were also normalized only
against tuba1b.
Data were represented as box plots for brains and
eyes, and outliers determined with the Tukey’s method
(Agresti and Finaly, 2009). Data scatter was visualized
as dots, superimposed to the box plots. For the GABAA
receptor subunit panel a histogram was also created.
Data sets for brain regions were presented as scatter
dot plots with mean. Graphs were prepared with the soft-


















Zebraﬁsh expresses the complete panel of the GABAA
receptor subunits both at the brain and retinal level.
Figs. 2, 5–7 picture the pattern of expression in brains
and grouped brain regions, Fig. 12 in eyes. The GABAA
receptor subunits’ panel was divided into family groups
(Figs. 2A–D, 5, 6, 7A–D for each brain region,
Fig. 12A–D) according to the stoichiometry of mature
receptors (Olsen and Sieghart, 2008). Figs. 2E, 12E also
depict the complete panel of the GABAA receptor subunits
in brains and eyes, respectively.
The most prominently expressed subunits were a1, b2,
c2 and d (Fig. 2A–C). Fig. 2C also presents the expression
level of the f gene, a zebraﬁsh subunit that shares 281 of
its 447 amino acidic residues, 62.86%, with both p subunit
splice variants (Fig. 15). The f subunit was detected to autyric acid signaling system in the zebraﬁsh (Danio rerio Hamilton) central
uroscience (2016), http://dx.doi.org/10.1016/j.neuroscience.2016.07.018
Table 2. Primer pairs used to amplify the splice variants of the GABAA receptor subunit c2. NCBI predicts three splice variants for that subunit in
zebraﬁsh, of which one has a longer (L) intracellular loop between transmembrane helices M3, M4, and two have a shorter (S) one. Following the
mammalian nomenclature the zebraﬁsh splice variants were here termed c2L (NM_001256250.1), c2S1 (XM_005161455.2), and c2S2 (XM_005161456.










B,R NM_001256250.1 ACGGCTATGGACCTCTTCGT TTTGAGGAAAAGAGCCGCAGG 155 80.9 ± 0.25
81.0 ± 0.36
c2S1
B,R XM_005161455.2 AAGTGTCGTATGTCACGGCT GTTGGGGCCTGAGGATTTTT 157 81.1 ± 0.22
81.2 ± 0.29
c2S2
B,R XM_005161456.2 CGGCTATGGACCTCTTCGTG CCACAGTTGGGGCAGGATTT 144 80.7 ± 0.27
80.8 ± 0.22
B Primer pairs suitable for brains and brain regions
R Primer pairs suitable for retinas.
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Fig. 2. Expression level of the GABAA receptor subunits’ genes in zebraﬁsh brains divided in functional subunits’ groups (A–D) and complete panel
(E). In scatter plots (A–D) each dot represents one individual. Box plots are the ﬁve-number summary of the data sets with minimum value, 25th
percentile, median, 75th percentile and maximum value (Agresti and Finaly, 2009). The bars (E) represent average of gene expression plus
standard error of the mean. n= 14 apart for a6a (3), p (9), q1 (12), a1, q3a (13).
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Fig. 3. Patterns of expression of the three splice variants for subunit
c2 of the GABAA receptor. The data sets (n= 14) are presented as in
points A–D of Fig. 2.
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25 July 2016higher level than c1, c3, p. Among the q subunits q2a
mRNA was most abundant (Fig. 2D).
Diﬀerent zebraﬁsh brain regions depicted diﬀerent
patterns of GABAA receptor subunits’ expression. a1, a4,
a6b, bb2, c2, d, q2a (Fig. 5 Cerebella A–D) were the most
abundant subunits in the cerebella. In brain stems a1,
a3, a5, b2, c2, d, q2a (Fig. 5 Brain stems A–D) were
expressed at the highest level within their families. b1
and b4 subunits also presented a degree of expression,
























































































































Fig. 4. Expression of GABAB receptor subunits (A), GABA transporters (B),
GABAA receptor-associated proteins (E), in zebraﬁsh brains. n= 14 apart fo
Please cite this article in press as: Cocco A et al. Characterization of the c-aminob
nervous system by reverse transcription-quantitative polymerase chain reaction. Neexpression pattern (Fig. 6 Optic tecta A–D) closely
resembled that of the whole brains (Fig. 2A–D), apart
from the d subunit, somewhat higher in pooled optic
tecta, and the non-detected a6a. In diencephala (Fig. 6
Diencephala A–D) no clear expression proﬁle was
obtained. However, a clear pattern for GABAA subunits
was observed in olfactory bulbs and telencephala,
where a1, a2b, a5 (Fig. 7 Olfactory bulbs and
telencephala A), b2, b3 (B), c2, d (C), q2a, q2b (D) were
present in all samples and clearly detectable. In this
brain region also a2a (A), b4 (B) and f (C) were detected
to a certain extent.
In retinas of the ﬁsh the a1, a6a (Fig. 12A) and c2
(12C) subunits were the most abundant, followed by b2,
b3 (12B), d, f (12C), q2a (12D). Fig. 12E presents the
gene expression proﬁle for the complete GABAA
receptor subunits’ set. Among the q subunits, localized
in retinal bipolar cells in both mammals (Koulen et al.,
1998) and zebraﬁsh (Connaughton et al., 2008), q2a
was detected to the highest extent (Fig. 12D). q1 and
q3a transcripts were also present, but at a lower level.
Normalization of RT-qPCR data only against the same
reference gene tuba1b renders it possible to directly
compare expression results between brains and eyes
(see Table 1 and Experimental procedures, Data
analysis and plotting section). q1, q2a and q3a were all
more expressed in the retinas, q2b more abundant in




































enzymes involved in GABA metabolism (C), chloride transporters (D),
r slc6a11a (6), abat (12), zfnkcc2, zfkcc2 (13).
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Fig. 5. GABAA receptor subunit expression in cerebella and brain stems. The subunits are divided into functional subunits’ groups, as for brains
(Fig. 2) and retinas (Fig. 12). Each dot represents one group. For pooling criteria see Experimental procedures, RNA extraction and cDNA
synthesis. n= 4 apart for q3a (1), p, q1 (2), a1, a4, a6a, b3 (3) in cerebella, a6a, q3a (1), p (2), q1 (3) in brain stems.
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Mammals splice the c2 subunit of the GABAA receptor
(Olsen and Sieghart, 2008); based on this consideration
the present study analyzed the condition in zebraﬁsh.Please cite this article in press as: Cocco A et al. Characterization of the c-aminob
nervous system by reverse transcription-quantitative polymerase chain reaction. NeThis model species has three splice variants for GABAA
receptor c2 subunit, which are identical apart from the
putative intracellular loop between transmembrane
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Fig. 6. GABAA receptor subunits expression in optic tecta and diencephala. Subunits divided as in Figs. 2, 5, 12. n= 4 apart for a6a, p (0), b3 (2), q1
(3) in optic tecta, a6a, p (0), q3a (2), q2b (3) in diencephala.
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25 July 2016amino acids longer than the c2S1 and c2S2, respectively.
Those three splice products were detected in every sam-
ple and c2L was the variant more expressed in whole
brains (Fig. 3). Such a pattern was also observed inPlease cite this article in press as: Cocco A et al. Characterization of the c-aminob
nervous system by reverse transcription-quantitative polymerase chain reaction. Nepooled brain areas apart from the olfactory bulbs and
telencephala (Fig. 8). c2S1 was more abundant than c2S2
in whole brains, as it was in diencephala and olfactory
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25 July 2016umented in cerebella, brain stems and optic tecta (Fig. 8).
The olfactory bulbs and telencephala did not express the
c2L splice variants at a higher extent than the short form.
Retinas also had the longer splicing product more abun-
dant than the shorter ones; c2S1 was indeed less
expressed than c2S2 (Fig. 13). The expression proﬁles of
the c2 splice variants were maintained also when normal-
izing the ampliﬁcation data only against tuba1b (see























The pattern of expression of the two a6 subunits of the
GABAA receptor in zebraﬁsh was quantiﬁed. a6b shares
265 amino acidic residues with both splice variants of
a6a, the 59.68% of its 444 total residues. Fig. 17
presents a multiple sequence alignment of the a6a and
a6b mRNA subunits of zebraﬁsh together with human
a6, with conserved residues and transmembrane regions
evidenced. The a6a subunit was hardly detected in
brains (n= 3, Fig. 2A), but well represented in the
retinas (Fig. 12A), where it was detected in all samples.
The a6b subunit indeed depicted the opposite proﬁle.
Such pattern of gene expression was also maintained
when RT-qPCR data were normalized only against
tuba1b (Fig. 18A). Data from brain regions were also
normalized against tuba1b and the cerebella had the
highest level of expression of a6b (Fig. 18B). The least
conserved region was the intracellular loop between
helices M3 and M4. If the predicted splice variants are
correct, a6a exists as a long and short form, the splicing
shaping the loop. To date, NCBI provides one transcript
for a6b, which also has a long intracellular loop betweenα 1 α 2a α 2b α 3
α 3-
lik








































OLFACTORY BULBS AND TELENCEP
Fig. 7. Expression pattern of GABAA receptor subunits in the olfactory b
Please cite this article in press as: Cocco A et al. Characterization of the c-aminob
nervous system by reverse transcription-quantitative polymerase chain reaction. NeM3 and M4. In such a region there is a higher degree of
conserved residues between zebraﬁsh a6b and human
a6, than between a6b and its homolog a6a (Fig. 17).
GABAB receptor
The zebraﬁsh also expresses the metabotropic GABAB
receptor. Of its two paralogs for subunit b1 (Klee et al.,
2012), gabbr1b was the one more represented in whole
brains (Fig. 4A), brain stems (cFig. 9 Brain stems A)
and olfactory bulbs and telencephala (Fig. 11 Olfactory
bulbs and telencephala A). The expression of this gene
was comparable with gabbr1a in the other brain regions
(Fig. 9 Cerebella A, Fig. 10 Optic tecta A, Diencephala
A). The gene for subunit b2 was also detected at levels
comparable to gabbr1b in all cases
(Figs. 4A, 9A, 10A, 11A). Zebraﬁsh retinas also transcript
the genes for the GABAB receptor (Fig. 14A). In these
structures the gabbr1a gene was measured to the highest
level of relative expression, whereas gabbr1b and gabbr2
were expressed to a lower degree.
GABA transporters
The analyzed zebraﬁsh GABA transporters (slc6a1a,
slc6a1b, slc6a11a, slc6a13) were selected upon the
considerations by Chen et al. (2004) on human GABA
transporters. slc6a1a, homologous to human GAT-1,
had the highest expression among whole brains
(Fig. 4B), optic tecta, diencephala, olfactory bulbs and
telencephala (Fig. 10 Optic tecta B, Diencephala B,
Fig. 11 Olfactory bulbs and telencephala B). This trans-
porter also dominated in the retinas (Fig. 14B). In these








































ulbs and telencephala. n= 4 apart from p (0), a6a (1), q1, q3a (2).
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25 July 2016abundant than its homolog. However, no marked diﬀer-
ence between slc6a1a and slc6a1b was measured in
cerebella and brain stems (Fig. 9 Cerebella B, Brain
stems B). slc6a11a was scarcely detected in whole brains
and brain regions, and its expression was low. In retinas
the mRNA of such transporter was not abundant, but
measured in all samples (Fig. 14B). Those structures also
expressed slc6a1a at the highest level, followed by
slc6a1b. The transporter slc6a13 was present to a lesser
degree when compared with slc6a1a and slc6a1b in all
samples apart from the diencephalon, where its average
expression was comparable to that of slc6a1b (Fig. 10





































































OLFACTORY BULBS AND TELENCEPHALA
Fig. 8. Relative expression levels of the c2 splice variants in pooled
brain regions. Data sets are presented as in Fig. 5. n= 4 for all brain
areas.Glutamate decarboxylases and 4-aminobutyrate
aminotransferase
The gene expression proﬁling went further and measured
the relative mRNA abundances of GABA-synthesizing
glutamate decarboxylases and GABA-degrading 4-
amnobutyrate aminotransferase. The zebraﬁsh gad2,
which has a high degree of similarity to human GAD65
(Martin et al., 1998), is the most abundant glutamate
decarboxylase isoform in whole brains (Fig. 4C), optic
tecta and olfactory bulbs and telencephala (Fig. 10 Optic
tecta C, Fig. 11 Olfactory bulbs and telencephala C) of the
ﬁsh. On average, the mRNA of this enzyme was also
more abundant in the other brain regions, but the data
were more scattered (Fig. 9 Cerebella C, Brain stems
C, Fig. 10 Diencephala C). Zebraﬁsh has two isoforms
of glutamate decarboxylase 67, termed gad1a and gad1b.
The expression pattern for those enzymes was consistent
throughout whole brains and brain regions samples, with
gad1b being the more expressed form
(Figs. 4C, 9C, 10C, 11C). The GABA-a-ketoglutarate
transaminase mRNA, or aminobutyrate aminotransferase
(abat), was detected in whole brains and brain regions
samples, at similar levels to gad1a.
The enzymatic machinery responsible for GABA
synthesis and degradation was also well expressed in
all retina samples (Fig. 14C). The most abundant
transcripts were those for gad1b and gad2. The isoform
gad1a was detectable but expressed at low level, abat














511Chloride transporters zfnkcc1, nkcc2, kcc1, zfnkcc2
In this study four CCCs were analysed, based on Payne
et al. (2003). The mRNA levels of zfnkcc1 (slc12a2) and
nkcc2 (slc12a1), which take up Cl, and kcc1 (slc12a4)
and zfkcc2 (slc12a5b), which extrude it, were measured.
Well in line with the established mammalian physiology
of Cl membrane transport (Payne et al., 2003) the most
highly expressed Cl transporter was zfkcc2, with a clear
expression in whole brains (Fig. 4D), optic tecta, and
olfactory bulbs and telencephala (Fig. 10 Optic tecta D,
Fig. 11 Olfactory bulbs and telencephala D). In brain
stems (Fig. 9 Brain stems D) zfkcc2 was the most abun-
dant Cl transporter, too. However, in cerebella and dien-
cephala there was a similar expression of zfnkcc1 and
zfkcc2. Retinas (Fig. 14D) expressed most abundantly
zfkcc2.Please cite this article in press as: Cocco A et al. Characterization of the c-aminob
nervous system by reverse transcription-quantitative polymerase chain reaction. NeGABAA receptor-associated proteins
The zebraﬁsh gabarapa and gabarapb are homologous to
human GABARAP (Klee et al., 2012) and were present in
all samples. The expression proﬁle of those genes varied,
with gabarapb generally more represented in whole
brains (Fig. 4E), but depicting a degree of variability
among brain regions (Figs. 9E, 10E, 11E). In retinas
gabarapb had a slightly higher degree of expression than
gabarapa but the data set was scattered (Fig. 14E).DISCUSSION
Brains and brain regions
The study proved that the zebraﬁsh expresses the GABA
signaling system in the brain and presents regional
diﬀerences. The overall proﬁle of gene expression









































































































































































































































































































Fig. 9. Rest of the genes of the GABA system in the diﬀerent brain areas considered in the study in cerebella and brain stems. n= 4 apart for
slc6a11a (1) slc6a1a, slc6a1b, gad1b, zfnkcc2, kcc1 (3) in cerebella, slc6a11a (2) in brain stems.
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25 July 2016receptor subunits highly likely to exist. In fact, those
genes depict the highest levels of mRNA, along with the
d subunit. Among brain areas the optic tecta depictedPlease cite this article in press as: Cocco A et al. Characterization of the c-aminob
nervous system by reverse transcription-quantitative polymerase chain reaction. Nean expression pattern closest to whole brain, probably
because that region accounts for the major part of the











































































































































































































































































































Fig. 10. Rest of the genes in optic tecta and diencephala. n= 4 apart from kcc1 (1), slc6a11a (2) in optic tecta, slc6a11a (2), zfnkcc2 (3) in
diencephala.
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25 July 2016transcripts are the most abundant in the brain of other
model species such as rat and mouse, where they often
co-localize (Laurie et al., 1992; Wisden et al., 1992;
Ho¨rtnagl et al., 2013). Evidence for the expression of a1,Please cite this article in press as: Cocco A et al. Characterization of the c-aminob
nervous system by reverse transcription-quantitative polymerase chain reaction. Neb2, and c2 has also been reported for another teleost spe-
cies, the fathead minnow (Pimephales promelas), along
with a5, b1, c1 (Biggs et al., 2013). The inclusion of alter-
































































A. Cocco et al. / Neuroscience xxx (2016) xxx–xxx 15
NSC 17222 No. of Pages 22
25 July 2016to predict even more diversity for the GABAA receptor in
zebraﬁsh, with the most common combination being
a1b2c2L. The mammalian c2L splice product is phosphory-
lated in the eight-amino-acid insert absent in c2S (Whiting
et al., 1990), a situation potentially represented in zebra-
ﬁsh. The latter species has two detectable c2S variants
of which one, c2S1, presents a glutamine residue not pre-
dicted for either c2L or c2S2. c2L might be the most abun-
dant splice product in all analyzed brain areas apart
from the olfactory bulbs and telencephalon, where c2S1
and c2S2 may be equally represented. Diﬀerential expres-
sion patterns for the c2 subunit have been proved in mam-
malian central nervous system (Whiting et al., 1990).
Immunohistochemistry conﬁrmed the presence of a1
in the zebraﬁsh cerebellum (Delgado and
Schmachtenberg, 2008), and electrophysiological record-
ings demonstrated active GABAA receptors in the olfac-
tory bulbs of this species (Tabor et al., 2008). In the
present experiment, a2b and b3 subunits were both highly
represented in the grouped olfactory bulbs and telen-
cephala. This result may be in line with mammalian co-
localization of a2 and b3 (Laurie et al., 1992; Ho¨rtnagl
et al., 2013) and could suggest the presence of zebraﬁsh
a2bb3c2, a2bb3d. The a5, a4, and b4 subunits were also
detected to a certain degree in the zebraﬁsh. In mam-
mals, the b4 gene has not been identiﬁed; it is indeed pre-
sent in chicken, and its assembly closely resembles that
of mammalian h subunit (Simon et al., 2004).
The expression pattern of p subunit, which was low
and not detected in all samples, resembled the













































































































OLFACTORY BULBS AND TELENCEPH
Fig. 11. Rest of the genes in olfactory bulbs and telencephala. n=
Please cite this article in press as: Cocco A et al. Characterization of the c-aminob
nervous system by reverse transcription-quantitative polymerase chain reaction. Nespeciﬁc brain areas and predominantly found outside
the central nervous system (Hedblom and Kirkness,
1997). However, the zebraﬁsh genome comprises a p-
related GABAA receptor subunit, the f, which is absent
in the mammalian lineage. It is possible that a subpopula-
tion of GABAA receptors in the zebraﬁsh brain comprises
this subunit, as its mRNA was clearly detected in all zeb-
raﬁsh samples in both whole brains and grouped brain
regions. However, the presence of an mRNA transcript
is not necessarily synonym of protein production. More-
over, a receptor with stoichiometry axbyp is tentative
(Olsen and Sieghart, 2008), as it would axbyf, since p
and f are closely related.
In mammals the a6 is conﬁned to the cerebellum
(Laurie et al., 1992; Ho¨rtnagl et al., 2013), and the tran-
script of zebraﬁsh a6b has been detected to the highest
level in this structure. The expression data of the a4 and
d subunits suggest that a4byd and a6bbyd are possible
combinations in the zebraﬁsh nervous system. The sub-
unit composition of the receptor determines its aﬃnity
for GABA and kinetic properties, and often its location in
the plasma membrane. Further investigation is required
to establish whether the d-containing receptors in zebra-
ﬁsh brain are peri- or extrasynaptic, as is the case in
mammals (Farrant and Nusser, 2005).
The mRNA for the GABAB subunits is also presented
in the zebraﬁsh brain. The activity of mature receptors has
been shown in a cellular subpopulation of the zebraﬁsh
olfactory bulbs (Tabor et al., 2008), and protein
immunoreactivity for one of its subunits detected in the



































4 kcc1 (2), slc6a11a (3) in olfactory bulbs and telencephala.
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Fig. 12. GABAA receptor subunits’ panel in zebraﬁsh eyes. (A–D) Functional groups; (E) overview of the complete panel. n= 12 apart for p (1), q1
(9), b4, q2b (11).


























Fig. 13. Expression pattern of the splice variants of subunit c2 of the
GABAA receptor in adult zebraﬁsh retinas (n= 12).
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25 July 2016and B2 subunits are both required to constitute a func-
tional receptor and they have diﬀerent roles in its func-Please cite this article in press as: Cocco A et al. Characterization of the c-aminob
nervous system by reverse transcription-quantitative polymerase chain reaction. Netions (Bowery et al., 2002; Burmakina et al., 2014). As
zebraﬁsh encodes for two b1 isoforms there are poten-
tially two types of GABAB receptors that may be formed,
b1ab2 and b1bb2. The latter one may be the more abun-
dant combination in zebraﬁsh brain stem and olfactory
bulbs and telencephala, as measured in this study. Fur-
ther diversity of zebraﬁsh GABAB receptors may arise
from diﬀerent splice variants, a condition documented in
mammals (Bowery et al., 2002).
The expression patterns of GABA transporters,
glutamate decarboxylases and aminobutyrate
transaminase add further strength to a zebraﬁsh GABA
system that resembles the mammalian one. The most
abundant GABA transporter in the mammalian brain is
GAT-1 (Chen et al., 2004), as it is in all zebraﬁsh brain
regions. Interestingly, the cerebella had the lowest
expression of GABA transporters. If the a4, a6b and d sub-













































































































































































































Fig. 14. GABAB receptors (A), GABA transporters (B), glutamate decarboxylases and 4-aminobutyrate transaminase (C), chloride transporters (D),
GABAA receptor-associated proteins (E), in the zebraﬁsh eyes. n= 12 apart for zfnkcc2 (1), gad1a (11).
A. Cocco et al. / Neuroscience xxx (2016) xxx–xxx 17
NSC 17222 No. of Pages 22
25 July 2016extrasynaptic location to GABAA receptors, a lower
amount of GABA transporters may be expected, as the
activation of those receptors depends on GABA overspill
from the synaptic cleft (Wei et al., 2003). If the mRNA
levels are related to those of proteins, the GABA synthe-
sized in the zebraﬁsh brain is mainly for synaptic release.
In fact gad2 was generally more expressed than the
gad1b, and the former is speciﬁcally localized at synapses
(Kaufman et al., 1991; Buddhala et al., 2009). GAD65, the
mammalian homolog to gad2, is more abundant and
widely distributed than GAD67 in rat brains, but mice pre-
sent the opposite pattern (Sheikh et al., 1999).
Chloride has a major role in the GABA signaling
system. Not only is it the main physiological ion, with
HCO3
, that ﬂows through open GABAA receptors; Cl
,
together with Na+, drives the uptake of GABA from the
synaptic and perisynaptic space into the presynaptic cell
or adjacent glial cells (Chen et al., 2004; Jin et al.,
2013). Moreover, its intracellular concentration strongly
modulates the activity of glutamate decarboxylases by
inhibiting those enzymes in a direct concentration and
pH-dependant fashion (Roberts and Kuriyama, 1968).
The gene expression proﬁle of the selected Cl trans-
porters in zebraﬁsh is in agreement with the picture in
mammalian neurons (Payne et al., 2003). If in zebraﬁsh,
as in mammals, CCCs determine the intracellular Cl
concentration in neurons, the high zfkcc2 levels support
hyperpolarizing GABA eﬀect through GABAA receptors.Please cite this article in press as: Cocco A et al. Characterization of the c-aminob
nervous system by reverse transcription-quantitative polymerase chain reaction. NeMoreover, extracellular GABA is also available for active
GABA uptake by the GABA transporters.
The presence of GABARAP has been documented in
mammals, both at the mRNA (Mansuy-Schlick et al.,
2006) and protein levels (O’Sullivan et al., 2005). This
protein increases GABAA receptor conductance by pro-
moting receptors’ neighboring at the cell surface (Everitt
et al., 2004), but is not required for receptor synapse tar-
geting (O’Sullivan et al., 2005). In zebraﬁsh, maternal
gabarap has been identiﬁed immediately after fertilization
as both transcript and protein, the latter one being specif-
ically localized in lysosomes (He et al., 2009). Interest-
ingly, two gabarap proteins with a slightly diﬀerent size
were identiﬁed in that study, possibly corresponding to
the isoforms gabarapa and gabarapb (Klee et al., 2012).
Those isoforms were detected in the present study at
the mRNA level, where the b-form was somewhat more
expressed than the a one.661Retinas
Currents from activated GABAA receptors have been
measured in embryonic zebraﬁsh Mauthner cells (Roy
and Ali, 2014) and adult retinal bipolar cells
(Connaughton et al., 2008). In the latter case they corre-
lated with the presence of q subunits, speciﬁcally
expressed in this organ (Koulen et al., 1998; Olsen and
Sieghart, 2008). The qs expression proﬁle emerging fromutyric acid signaling system in the zebraﬁsh (Danio rerio Hamilton) central
uroscience (2016), http://dx.doi.org/10.1016/j.neuroscience.2016.07.018
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NP_001108214.1      LMKGYNKYLRPFFGNGPVTVGMSLDIASIDTISEINMDYTATIFLRQRWTDERLCFDGNK
XP_005156304.1      LMKGYNKYLRPFFGNGPVTVGMSLDIASIDTISEINMDYTATIFLRQRWTDERLCFDGNK
******:**** * :*** :**********:****************** *.** * **:
XP_002664479.2      SLSLDGRLVSLLWIPDTFIPDSKRSFLHDVTVENRLIRIFSNGTVLYALRITATIACNMD
XP_005173350.1      SLSLDGRLVSLLWIPDTFIPDSKRSFLHDVTVENRLIRIFSNGTVLYALRITATIACNMD
NP_001108214.1      SLSLDGRLVELLWVPDTFIVDSKKSFLHDITVENRLIRIFPNGTVLYALRITTTVACSMD
XP_005156304.1      SLSLDGRLVELLWVPDTFIVDSKKSFLHDITVENRLIRIFPNGTVLYALRITTTVACSMD
*********.***:***** ***:*****:********** ***********:*:**.**
XP_002664479.2      LTKYPMDRQECTLQLESWGYNLEDVVFYWTRGNDSVKGLDTLRLAQYSVESYYTSVTKAV
XP_005173350.1      LTKYPMDRQECTLQLESWGYNLEDVVFYWTRGNDSVKGLDTLRLAQYSVESYYTSVTKAV
NP_001108214.1      LTKYPMDRQTCMLQLESWGYNVKDVVFYWTRGNQSVSGLDHLQLAQYTLEDHYTSESEAV
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********* * *********::**********:**.*** *:****::*.:*** ::**
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XP_005173350.1      YETGLYPKLILHFALRRNVLFFILETYVPSTLLVVLSWVSFWISQSSVPARTCIGVTTVL
NP_001108214.1      YETGNYPKLIFHFKLKRSILYFILETYVPSSALVVLSWVSFWISQSSVPARICIGVTTVL
XP_005156304.1      YETGNYPKLIFHFKLKRSILYFILETYVPSSALVVLSWVSFWISQSSVPARICIGVTTVL
**** *****:** *:*.:*:*********: ******************* ********
XP_002664479.2      TMTTLMMGARTSLPNANCFIKAIDVYLGICFTFIFGALLEYACAHFCTMQHQTIIDVQ--
XP_005173350.1      TMTTLMMGARTSLPNANCFIKAIDVYLGICFTFIFGALLEYACAHFCTMQHQTIIDVQ--
NP_001108214.1      TMTTLMMGARTSLPNANCFIKAIDVYLGICFSFIFGALIEYAVAHFCTLHQPNAANAYMY
XP_005156304.1      TMTTLMMGARTSLPNANCFIKAIDVYLGICFSFIFGALIEYAVAHFCTLHQPNAANAYMY
*******************************:******:*** *****::: .  :.   
XP_002664479.2      -RELLKEFEESNGTTHLVSSMSPRKMKTEDSTKQE-KPEQTVTCEENEAIEQ-TKEKGCG
XP_005173350.1      -RELLKEFEESNGTTHLVSSMSPRKMKTEDSTKQE-KPEQTVTCEENEAIEQ-TKEKGCG
NP_001108214.1      GQEMQEREDEMNGIVTSFGSHALRARKREEMLSRMGSVNNPTPSESKEDVSSSQPQTRCT
XP_005156304.1      GQEMQEREDEMNGIVTSFGSHALRARKREEMLSRMGSVNNPTPSESKEDVSSSQPQTRCT
:*: :. :* ** .  ..* : *  * *:  .:  . :: . .*.:* :..   :. * 
XP_002664479.2      LT-TVKQMSRRAASMMSVENPHNIDRHARILFPMAFLLINIFYWLYYLLF 
XP_005173350.1      LT-TVKQMSRRAASMMSVENPHNIDRHARILFPMAFLLINIFYWLYYLLF 
NP_001108214.1      KCMSRARRIIRCLYCCKVENPHYIDNYSRLTFPLSFVIINLLYWTYYLYF
XP_005156304.1      KCMSRARRIIRCLYCCKVENPHYIDNYSRLTFPLSFVIINLLYWTYYLYF
:  :   *.    .***** **.::*: **::*::**::** *** *
Fig. 15. Multiple sequence alignment of the p (XP_002664479.2, XP_005173350.1) and f (NP_001108214.1, XP_005156304.1) subunits of the
zebraﬁsh. The alignment was done with Clustal Omega. Underlined residues: signal peptide (SignalP 4.1 Server; Petersen et al., 2011). C: Cys
residues that form the disulﬁde bond (Miller and Arcisescu, 2014). NXS or NXT: potential extracellular N-glycosylation sites. Double-underlined
residues: transmembrane regions (TMHMM v2.0 software; Sonnhammer et al., 1998; Krogh et al., 2001). TTVLTMTT: the octapeptide sequence
present in M2 of the GABAA receptor subunits (Seeburg et al., 1990). The alignment was performed with CLUSTAL Omega.
gi|528514472|ref|XP_005161512.1|      MVMMASLHFSSKCLNAMAIPAVTLKLFLWAFLIAHLPLSSVQLESDDDEVTNKTWVLTPK
gi|372266072|ref|NP_001243179.1|      MVMMASLHFSSKCLNAMAIPAVTLKLFLWAFLIAHLPLSSVQLESDDDEVTNKTWVLTPK
gi|528514474|ref|XP_005161513.1|      MVMMASLHFSSKCLNAMAIPAVTLKLFLWAFLIAHLPLSSVQLESDDDEVTNKTWVLTPK
************************************************************
gi|528514472|ref|XP_005161512.1|      VYESDVTHILNSLLDGYDNKLRPDIGVKPTVIHTDMFVNSIGPVNAINMEYTIDIFFAQT
gi|372266072|ref|NP_001243179.1|      VYESDVTHILNSLLDGYDNKLRPDIGVKPTVIHTDMFVNSIGPVNAINMEYTIDIFFAQT
gi|528514474|ref|XP_005161513.1|      VYESDVTHILNSLLDGYDNKLRPDIGVKPTVIHTDMFVNSIGPVNAINMEYTIDIFFAQT
************************************************************
gi|528514472|ref|XP_005161512.1|      WYDRRLKFNSTMKVLRLNSNMVGKIWIPDTFFRNSKKADAHWITTPNRMLRIWNDGRILY
gi|372266072|ref|NP_001243179.1|      WYDRRLKFNSTMKVLRLNSNMVGKIWIPDTFFRNSKKADAHWITTPNRMLRIWNDGRILY
gi|528514474|ref|XP_005161513.1|      WYDRRLKFNSTMKVLRLNSNMVGKIWIPDTFFRNSKKADAHWITTPNRMLRIWNDGRILY
************************************************************
gi|528514472|ref|XP_005161512.1|      TLRLTIDAECQLKLNNFPMDEHSCPLEFSSYGYPKEEIVYKWKRSSVEVGDIRSWRLYQF
gi|372266072|ref|NP_001243179.1|      TLRLTIDAECQLKLNNFPMDEHSCPLEFSSYGYPKEEIVYKWKRSSVEVGDIRSWRLYQF
gi|528514474|ref|XP_005161513.1|      TLRLTIDAECQLKLNNFPMDEHSCPLEFSSYGYPKEEIVYKWKRSSVEVGDIRSWRLYQF
************************************************************
gi|528514472|ref|XP_005161512.1|      SFVGLRNTSEVVRTVSGDYVVLTVFFDLSRRMGYFTIQTYIPCTLIVVLSWVSFWINKDA
gi|372266072|ref|NP_001243179.1|      SFVGLRNTSEVVRTVSGDYVVLTVFFDLSRRMGYFTIQTYIPCTLIVVLSWVSFWINKDA
gi|528514474|ref|XP_005161513.1|      SFVGLRNTSEVVRTVSGDYVVLTVFFDLSRRMGYFTIQTYIPCTLIVVLSWVSFWINKDA
************************************************************
gi|528514472|ref|XP_005161512.1|      VPARTSLGITTVLTMTTLSTIARKSLPKVSYVTAMDLFVSVCFIFVFAALIEYGTLHYFV 
gi|372266072|ref|NP_001243179.1|      VPARTSLGITTVLTMTTLSTIARKSLPKVSYVTAMDLFVSVCFIFVFAALIEYGTLHYFV 
gi|528514474|ref|XP_005161513.1|      VPARTSLGITTVLTMTTLSTIARKSLPKVSYVTAMDLFVSVCFIFVFAALIEYGTLHYFV 
************************************************************
gi|528514472|ref|XP_005161512.1|      SNRKPSKKSDKKKKNP-------QAPTVDIRPRSATAIQMNNATQMQERDEEYGYECLDG
gi|372266072|ref|NP_001243179.1|      SNRKPSKKSDKKKKNPLLRLFSSKAPTVDIRPRSATAIQMNNATQMQERDEEYGYECLDG
gi|528514474|ref|XP_005161513.1|      SNRKPSKKSDKKKKNP--------APTVDIRPRSATAIQMNNATQMQERDEEYGYECLDG
****************        ************************************
gi|528514472|ref|XP_005161512.1|      KDCTSFFCCFEDCRSGAWRHGRLHIRVAKIDSYARIFFPTAFGLFNVVYWFSYLYL
gi|372266072|ref|NP_001243179.1|      KDCTSFFCCFEDCRSGAWRHGRLHIRVAKIDSYARIFFPTAFGLFNVVYWFSYLYL
gi|528514474|ref|XP_005161513.1|      KDCTSFFCCFEDCRSGAWRHGRLHIRVAKIDSYARIFFPTAFGLFNVVYWFSYLYL
********************************************************
Fig. 16. Multiple sequence alignment of c2 subunit’s splice variants in the zebraﬁsh. The color- and underlining-codes are as in Fig. 15. SignalP
predicts no signal sequence for these mRNA transcripts, and ﬁve transmembrane helices are inferred by TMHMM. Those results are in contrast with
literature studies on the GABAA receptor structure. The classical model was here followed and four transmembrane regions are here highlighted.
The c2L splice variant presents an intracellular loop between helices M3, M4 which is, respectively, seven and eight amino acids longer than c2S1
and c 2S2. SSK: putative consensus sequence for protein kinase C (phosphorylation on the ﬁrst serine; Whiting et al., 1990).
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NP_957025.1            MALLLAFLC----LTSVTNVIG
XP_005173169.1         
----KQKINSENITRILDGLLEGYDNRLRPGSGVSVTE
MALLLAFLC----LTSVTNVIG
XP_002667403.3         ----
----KQKINSENITRILDGLLEGYDNRLRPGSGVSVTE
MAWVRTCLFLSCVGQVVA
NP_000802.2            
NPPTETRIYLDNITRILDRLLDGYDNRLRPGFGGPVTE
MASSLPWLCIILWLE---NALG
: ::     *    :.:.    : .:  :*::**** **:********* *  ***
KLEVEGNFYSENVSRILDNLLEGYDNRLRPGFGGAVTE
NP_957025.1            VKTDIFVTSFGPVSDVNMEFTMDMFFRQMWVDERLAFQGPIEILPLNNRMVDKIWTPDTF
XP_005173169.1         VKTDIFVTSFGPVSDVNMEFTMDMFFRQMWVDERLAFQGPIEILPLNNRMVDKIWTPDTF
XP_002667403.3         VKTDIFVTSFGPVSDVEMEYTMDVFFRQTWIDDRLKFEGPIEILRLNNLMVSKIWTPDTF
NP_000802.2            VKTDIYVTSFGPVSDVEMEYTMDVFFRQTWTDERLKFGGPTEILSLNNLMVSKIWTPDTF
*****:**********:**:***:**** * *:** * ** *** *** **.********
NP_957025.1            FRNARKSLAHNMTSPNKLFRIMQNGTVFYTMRLTVSAVCPMVLRDFPMDGHTCPLYFGSY
XP_005173169.1         FRNARKSLAHNMTSPNKLFRIMQNGTVFYTMRLTVSAVCPMVLRDFPMDGHTCPLYFGSY
XP_002667403.3         FRNGKRSISHNMTTPNKLFRIMQNGTILYTMRLTINAECPMRLINFPMDGHSCPLKFGSY
NP_000802.2            FRNGKKSIAHNMTTPNKLFRIMQNGTILYTMRLTINADCPMRLVNFPMDGHACPLKFGSY
***.::*::****:************::******:.* *** * :******:*** ****
NP_957025.1            AYTNREIVYTWRKGLEASVDFPPESSSLLQYDLLGQTLFTETYKFSTGLYSVQVVHFYLQ
XP_005173169.1         AYTNREIVYTWRKGLEASVDFPPESSSLLQYDLLGQTLFTETYKFSTGLYSVQVVHFYLQ
XP_002667403.3         AYPMSEIVYTWKKGPLFSVEVPQESSSLLQYDLIGQTVSSERLKSNTGEYIVMTVYFHLQ
NP_000802.2            AYPKSEIIYTWKKGPLYSVEVPEESSSLLQYDLIGQTVSSETIKSNTGEYVIMTVYFHLQ
**   **:***:**   **:.* **********:***: :*  * .** * : .*:*:**
NP_957025.1            RKLGYHLIQTYIPLIMVVVLSQVSFWINKESVPARTVAGITTVLTMTTLSISARSSLPKA
XP_005173169.1         RKLGYHLIQTYIPLIMVVVLSQVSFWINKESVPARTVAGITTVLTMTTLSISARSSLPKV
XP_002667403.3         RKMGFFLIQTYIPCIMTVILAQVSFWIDKESVPARTVFGITTVLTMTTLSISARHSLPKV
NP_000802.2            RKMGYFMIQIYTPCIMTVILSQVSFWINKESVPARTVFGITTVLTMTTLSISARHSLPKV
**:*:.:** * * **.*:*:******:********* **************** ****.
NP_957025.1            SYATAMDWFIAVCFAFVASAL---------------------------------------
XP_005173169.1         SYATAMDWFIAVCFAFVASALVEFAAVNYYATLEANRENHKLPRGSIVESQAQ----GSD
XP_002667403.3         SYATAMDWFIAVCFAFVFSALIEFAAVNYFSTLQANKELRRANIARAAAAAAAAR---SD
NP_000802.2            SYATAMDWFIAVCFAFVFSALIEFAAVNYFTNLQTQKAKRKAQFAAPPTVTISKATEPLE
***************** ***                                       
NP_957025.1            -----PQSDTSAYSRKRRGYSVSE---------AP---RTRVPIFLQGSAFPPNMMLAGT
XP_005173169.1         DEPESPQSDTSAYSRKRRGYPVSE---------AP---RTRVPIFLQGSAFPPNMMLAGT
XP_002667403.3         GEGVLNPL-DPGGVLKKRMNSLSQRSAT-----DRFSRPSQSDFHQQGSAVPANNMLIGT
NP_000802.2            AEIVLHP--DSKYHLKKRITSLSLPIVSSSEANKVLTRAP-ILQSTPVTPPPLSPAFGGT
*:*   :*                         :  * .  : **
NP_957025.1            SAIDKYSRILFPLAFGIFNLVYWYIYLSKDTLEKLRDIE
XP_005173169.1         SAIDKYSRILFPLAFGIFNLVYWYIYLSKDTLEKLRDIE
XP_002667403.3         SIIDKYSRILFPLSFGAFNLVYWIVYLTKDTMESREV— 
NP_000802.2            SKIDQYSRILFPVAFAGFNLVYWVVYLSKDTMEVSSSVE
* **:*******::*. ****** :**:***:*      
Fig. 17. Multiple sequence alignment of the zebraﬁsh GABAA receptor subunits a6a (NP_957025.1 and XP_005173169.1), a6b (XP_002667403.3),
and human a6 (NP_000802.2). Color- and underlining-codes as in Fig. 15. The transmembrane regions were compared to those of Kato (1990) and
Seeburg et al. (1990).
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posed by a combination of q1q2aq3a subunits. As noted
earlier q2b, albeit detected in eleven out of twelve sam-
ples, was expressed at a higher level in the brains. More-
over, the abundant q2a transcript may reveal homomeric
retinal GABAA receptors. The current study further con-
ﬁrms the presence of a1 whose mRNA transcript was,
together with a6a, the most abundant among the a sub-
units. The results are also consistent with the localization,
at the protein level, of diﬀerent subunits in the rat (Koulen
et al., 1996) and tiger salamander (Ambystoma tigrinum)
retina (Zhang et al., 2003). Possible subunits’ combina-
tions are then, at least, a1byc2 and a6abyc2, with b2 or
b3. Among all, c2 is the most abundant subunit in the zeb-
raﬁsh retinas, as it was in the brain of this species. This
subunit shapes current conductance (Haas and
Macdonald, 1999) and is required for synaptic assembly
of mature GABAA receptors (Farrant and Nusser, 2005);
the majority of retinal receptors may incorporate this sub-
unit. Moreover, the alternative splice variants for subunit
c2 have been measured in retinas. The expression pattern
suggests that in retinas, as in brains, c2L may be the most
represented splice variant; c2S2 is also detected to a cer-
tain extent. Further experimental evidence is, though,
required to determine whether the zebraﬁsh c2L subunit
is phosphorylated and potential consequences onPlease cite this article in press as: Cocco A et al. Characterization of the c-aminob
nervous system by reverse transcription-quantitative polymerase chain reaction. Nereceptor functionality. Connaughton et al. (2008), and
Zhang et al. (2003) also reported the presence of a3,
which however was expressed at a low level in the pre-
sent research. A similar consideration is valid for q1 and
q2b (Connaughton et al., 2008).
The GABAB receptor mRNAs were for the ﬁrst time
measured in the zebraﬁsh retinas; the more common
subunits’ combination may be b1ab2. However, the
higher abundance of b1a compared not only to b1b, but
also to b2 could point to other functions of gabbr1a in
the retinas. GABA transporters’ mRNAs were also
detected; electrophysiological evidence has
demonstrated the localization of those proteins in
horizontal and bipolar cells (Nelson et al., 2008). In mam-
mals slc6a13-GAT2 is present in the retinas (Chen et al.,
2004), but in ﬁsh it was the most scarcely transcribed
gene. Zebraﬁsh often presents two genes where mam-
mals have one, as is the case with a2, a6 subunits of
the GABAA or b1a, b1b of the GABAB receptor (Klee
et al., 2012). The third round of whole genome duplica-
tion, which occurred in the teleost lineage, could explain
such a condition (Vandepoele et al., 2004). Interestingly,
when putative duplicated genes are present one is gener-
ally more abundant. Such a proﬁle, here documented also
in brains, was pictured by glutamate decarboxylases







































































































































































Fig. 18. (A) Comparison of the two a6 subunits in brains and eyes.
Results were normalized against tuba1b, which was the common
reference gene in both those organs (see Experimental procedures).
The a6a subunit was signiﬁcantly more expressed in retinas
(p= 0.0044), a6b in the brains (p< 0.0001; unpaired Mann–Whitney
test in both cases). (B) Pattern of a6b subunit expression in the
diﬀerent brain regions. For such comparison all data were normalized
only against tuba1b.
20 A. Cocco et al. / Neuroscience xxx (2016) xxx–xxx
NSC 17222 No. of Pages 22
25 July 2016expression level; the former is possibly limited to cell bod-
ies, the latter also distributed along cellular processes
(Connaughton et al., 1999). The expression pattern of
CCCs in the retinas resembles that of brains, decreasing
intracellular Cl concentration and making GABA hyper-
polarizing. However, GABA-induced depolarization has
been recorded in zebraﬁsh retinas, and it was explained
with the Na+-dependant uptake (Nelson et al., 2008).
For the ﬁrst time the gabaraps were analyzed in the
zebraﬁsh retinas. Both isoforms were present and their
expression levels similar. The role of GABAA receptor-
associated proteins in the zebraﬁsh retinas needs
further investigation, as no data are so far available.
Mammals have one gene encoding the a6 subunit
whose expression is restricted to cerebellar granule
cells (Kato, 1990; Laurie et al., 1992; Ho¨rtnagl et al.,
2013). This subunit contributes to high-GABA-aﬃnity
receptors (Rossi and Hamann, 1998) and co-localizes
with the d in cerebellar structures (Laurie et al., 1992;
Wisden et al., 1992). Zebraﬁsh genome comprises two
a6 genes of which one, a6b, is homologous to the human
GABRA6, whereas a6a is more distantly related (Klee
et al., 2012). The current study proved that GABAA recep-
tor subunits’ a6-genes have a tissue-speciﬁc expression
with a mirror proﬁle. The cytoplasmic loop between M3
and M4 is the most variable region of the proteins. Such
consideration implies that a6a- or a6b-containing receptorsPlease cite this article in press as: Cocco A et al. Characterization of the c-aminob
nervous system by reverse transcription-quantitative polymerase chain reaction. Nemay respond diﬀerently to intracellular regulation via
phosphorylation (Sigel and Steinmann, 2012), and inter-
act diﬀerently with GABAA receptor-associated proteins
(Chen and Olsen, 2007). This diﬀerence implies that a
retinal a6abyc2 or a6abyd receptor can lead to a diﬀerent
physiological response than a cerebellar a6bbyc2 or a6bby-
c2. Further investigation is required, especially at the pro-
tein level.CONCLUSIONS
To date, surprisingly little information is available on the
GABA system in zebraﬁsh, this species being an
important model organism. Using a basic molecular
biology technique, RT-qPCR, the present study proved
the existence, at the mRNA level, of the almost
complete machinery responsible for GABA signaling in
zebraﬁsh. The gene expression proﬁle was in
agreement with previous studies in mammalian brains,
and added strength to results in non-mammalian
species. This research also evidenced diﬀerential mRNA
levels for gene isoforms, which resulted being tissue-
speciﬁc for the a6a and a6b GABAA receptor subunits.AUTHOR CONTRIBUTION
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